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ABSTRACT 
Phase selective chemical vapor deposition of nanostructured vanadium dioxide (VO2) and 
sesquioxide (V2O3) was achieved by deploying [V(OR)4]n (R = 
tBu, n = 1 (1), R = Et, n = 3 
(2), R = Me, n = 4 (3)). Use of [V(OtBu)4] (1) produced thin films of monoclinic VO2 (M1) at 
700 and 800 °C consisted of anisotropic nanostructures with high crystallinity and small 
hysteresis in the metal-to-semiconductor transition (MST). Film morphologies manifested 
strong dependence on growth temperatures and exhibited pronounced texturing effects at 
high temperatures (>700 °C). The microstructure of the films was found to significantly 
affect the MST behavior of VO2 films. DTA measurements of VO2 films showed MST at 
63 °C (700 °C) and 65 °C (800 °C), much lower than the transition temperature observed in 
single crystal material (68 °C). Precursors were characterized in the solid-state (XRD) and 
solution-state (temperature depended EPR, NMR) to reveal an association-dissociation 
equilibrium in solution (complex 2 and 3), involving monomeric, dimeric and oligomeric 
species. Use of 2 and 3 as single precursors produced thin films of crystalline V2O3 consisting 
of nanosheets (5 nm) with a flower-like morphology. 
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1. INTRODUCTION 
The binary V:O phase diagram consists of several homovalent and mixed-valent oxides 
(V2O5, VO2, V2O3, V6O13) that exhibit distinctive electrical and optical properties interesting 
for various technological applications for thermochromic[1–4], catalytic[5], sensing[6] and 
electrode materials[7,8]. The rich variety of vanadium:oxygen stoichiometries emerge from the 
ability of vanadium atoms to adopt multiple oxidation states (+3, +4, +5), which in turn 
results in a synthetic challenge, when growing monophasic films of vanadium oxides.  
Vanadium dioxide (VO2) in particular has attracted a great deal of attention due to a 
temperature-dependent first order metal-to-semiconductor (MST) transition accompanied by 
a structural transformation (monoclinic structure VO2 (M1)  tetragonal VO2 (R)) 
manifested in an abrupt change in resistivity and near-infrared transmission.[9–11] 
Nevertheless, the implementation of vanadium dioxide films is still hampered by the high 
phase transition temperature (68 °C), accompanied by a large hysteresis and low visible light 
transmission in the semiconducting low-temperature state. Recent reports have shown that the 
phase transition temperature in VO2 materials can be influenced by grain size and film 
morphology, as well as by electronic doping and strain induced phenomena.[12–15] Also V2O3 
shows a reversible metal-to-insulator phase transition near 170 K from antiferromagnetic 
insulator to paramagnetic metal.[16] Both oxides are prototype compounds for Mott transition 
and of significant interest in condensed-matter physics due to their strongly correlated 
electron system.[17] 
Vanadium oxide phases have been synthesized by several methods such as sol-gel[18], 
pulsed laser deposition[19], sputtering[20,21], atomic layer deposition (ALD) [22,23] or chemical 
vapor deposition (CVD)[24–27]. The synthesis of VO2 (M1) films by aerosol-assisted and 
atmospheric pressure CVD has been extensively investigated mainly due to their easy 
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scalability, lower restriction on volatility of the precursors and easy introduction of dopants in 
films.[28–30] Nevertheless, the deposition of monoclinic VO2 (M1) is only possible in a narrow 
temperature window around 550 °C and usually only a limited control over surface 
morphology has been observed.[26,31] Nanostructured surface morphologies play an important 
role in the thermochromic performance of VO2 films in terms of phase transition temperature 
and visible light transmission.[32–34] Recently, Binions et al. reported the use of an electric 
field in an aerosol-assisted and atmospheric pressure CVD and demonstrated a reduction in 
the crystallite size and phase transition temperature.[35,36] A more common technique is the 
low pressure CVD, which allows a precise control of film texturing and composition, due to 
deposition temperature and proper choice of precursors.[37,38] 
The common precursors for CVD of VO2 thin films are vanadyl compounds (e.g. 
[VO(acac)2]
[31], [VO(OiPr)3]
[24], [VOCl3]
[39]) that result in high halide and carbon 
contamination in the films, which accounts for leads to inferior electrical and optical 
properties. Vanadium (IV) alkoxides appear to be potential precursors for VO2 thin films due 
to the preformed V–O bonds and preferred oxidation state (+4) of vanadium, however their 
utilization as precursor for CVD is not reported to the best of our knowledge.  
Although the synthesis of homoleptic vanadium (IV) alkoxides has already been described  
by D. C. Bradley and M. L. Mehta,[40,41] more than 50 years ago there are still ambiguities 
concerning their molecular structures due to complex, temperature-dependent equilibria in 
solution and the gas phase. Recently, Soares et al.[42,43] observed a reversible thermochromic 
behavior for solutions of the dimeric complexes [V(OR)4]n (R = 
iPr, neoPen, Cy) due to an 
association-dissociation equilibrium between a monomeric (blue) and  a dimeric (green) 
species which highlights the importance of a comprehensive structural investigation of those 
complexes by complementary analytical techniques. 
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We report herein the solid-state structure of vanadium (IV) ethoxide [V3(µ-OEt)4(OEt)8] 
(2) and methoxide [V4(µ-OMe)6(OMe)10] (3) elucidated by single crystal X-ray diffraction 
studies and insight into their structural dynamics in solution from EPR and NMR 
spectroscopy. Moreover, the advantages of homoleptic vanadium (IV) alkoxides [V(OR)4]n 
(R = tBu, n = 1 (1), R = Et, n = 3 (2), R = Me, n = 4 (3)) as molecular precursor for the 
phase-selective synthesis of vanadium oxides are demonstrated and the interdependence of 
morphology and growth temperature that influences the phase (structural) transitions is 
presented. The proper selection of molecular precursors and their tuning has an immense 
effect on the film composition and texture, which govern the efficacy of the opto-electrical 
properties of the as deposited layers. 
2. RESULTS AND DISCUSSION 
Precursor synthesis  
The monomeric vanadium (IV) tert-butoxide [V(OtBu)4] (1) was prepared according to the 
reported method, by reacting [VCl3(thf)3] with four molar equivalents of lithium tert-butoxide 
in thf/n-heptane solution, followed by in-situ oxidation of the intermediate using 
copper (I) chloride.[44] The product was isolated by distillation as a highly volatile royal blue 
liquid. The addition of an excess amount of methanol or ethanol to a solution of [V(OtBu)4] 
in toluene resulted in the formation of the respective homoleptic alkoxides indicated by a 
color change to green and finally to brown. The lower steric demand and higher pKa value of 
the primary alcohols compared to those of tert-butanol allowed a complete ligand exchange 
reaction (Scheme 1).[43] 
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Scheme 1: Synthetic protocol of homoleptic vanadium (IV) alkoxides.  
The homoleptic vanadium (IV) ethoxide complex (2) was isolated as a brown liquid, 
whereas the methoxide complex (3) has been obtained as a red-brown solid purified by 
distillation and recrystallization from a concentrated toluene solution, respectively.  
Structural characterization of vanadium (IV) ethoxide and methoxide 
Single crystal X-ray diffraction analysis (Table 1) of homoleptic vanadium (IV) ethoxide 
and methoxide complexes in the solid-state showed a trinuclear or tetranuclear framework, in 
[V3(µ-OEt)4(OEt)8] (2) and [V4(µ-OMe)6(OMe)10] (3), respectively. In (2) the central 
vanadium atom adopts a distorted octahedral coordination whereas the two peripheral 
vanadium atoms are coordinated in a distorted trigonal bipyramidal fashion. In (3) the two 
central vanadium atoms are symmetrically equivalent and their coordination is quite similar 
to the one in (2). The bridging alkoxo ligands showed in both complexes a typical elongation 
of the V–O bond distance (from 1.92(6) Å to 2.11(6) Å) compared to those of the terminal 
ligands (from 1.71(7) Å to 1.82(7) Å).[43] Moreover, the bridged alkoxo ligands exhibit an 
asymmetric bonding mode of the V–(µ-OR) bond distances to each vanadium center with 
short (1.92(6) Å; 1.96(6) Å ) and long (2.08(6) Å; 2.11(6) Å) V–O distances. The nonbonding 
V–V distance in (2) was found to be 3.19(2) Å and the V–V–V angle 118.53(6)°. 
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Table 1: Details on crystal and structure refinement of vanadium (IV) ethoxide 
[V3(µ-OEt)4(OEt)8] (2) and methoxide [V4(µ-OMe)6(OMe)10] (3) complexes.  
 [V3(µ-OEt)4(OEt)8] [V4(µ-OMe)6(OMe)10] 
Empirical formula C24H60O12V3 C16H48O16V4 
Formula weight / g mol-1 693.54 700.31 
T / K 170(2) 170(2) 
Crystal system triclinic triclinic 
Space group P1 P1 
a /Å 9.2267(7) 9.0432(7) 
b /Å 12.9364(9) 9.4026(7) 
c /Å 15.0845(1) 9.9726(7) 
α / ° 100.906(5) 85.999(6) 
β / ° 96.456(6) 68.051(5) 
γ / ° 96.384(6) 71.891(6) 
V / Å3 1740.5(2) 746.51(10) 
Z 2 1 
μ (Mo Kα) / mm−1 0.839 1.277 
No. of unique rflns, Rint 8142 5296 
Figure 1: Molecular structures of  [V3(µ-OEt)4(OEt)8] (left) and  [V4(µ-OMe)6(OMe)10] (right). 
Thermal ellipsoids for V, O, and C atoms are shown at 30% probability level and the H atoms have 
been omitted for the sake of clarity. 
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goodness of fit 0.870 1.061 
final R indices [I > 2σ(I)]: R1, wR2 0.0489, 0.1014 0.0565, 0.1493 
R indices (all data): R1, wR2 0.1145, 0.1240 0.0858, 0.1763 
residual electron density 0.421, -0.620 0.855, -0.821 
 
The equilibria between monomeric and oligomeric species in solution of 
vanadium (IV) methoxide and ethoxide complexes were analyzed by temperature depended 
EPR spectroscopy. Both complexes showed no visible thermochromic behavior. The EPR 
spectra of [V3(µ-OEt)4(OEt)8] were recorded in the solid-state as well as in toluene at room 
temperature, 225 K and in glassy frozen solution at 110 K (Figures 2 and S1 in the 
Supporting Information). The solid-state EPR spectra of vanadium (IV) ethoxide gave a 
strong broad signal at room temperature with no hyperfine structure (giso = 1.960, line-width 
A = 98 Gauss), whereas eight resonances of the isotropic hyperfine coupling were observed 
in the solution. The structural dynamics could be frozen at low temperatures so that the EPR 
spectrum at 110 K resembled the spectrum recorded in the solid-state at room temperature 
(Figure 2 insets). The hyperfine coupling apparently resulted from the presence of a 
mononuclear vanadium (IV) species (S = 1/2; 51V, I = 7/2, 99.75% nat. abundance) in 
solution. Compared to the EPR spectra of the monomeric [V(OtBu)4] (1) (Figure S1 in the 
Supporting Information, giso = 1.985, A = 70 Gauss), [V3(µ-OEt)4(OEt)8] (3) showed an 
asymmetric shape (giso = 1.970, A = 70 Gauss) with broad shoulders at 3100 and 3750 Gauss, 
arising from a ferromagnetic coupling between two vanadium atoms, which creates a triplet-
state with a ΔM = ±1 transition.[43] These observations suggest the presence of dimeric or/and 
trimeric species in the solution (Figure 2 and Scheme 2).  
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Figure 2: EPR spectra of [V3(µ-OEt)4(OEt)8] in toluene (left) in solid-state at room 
temperature (left inset) in toluene at 225 K (right) and 110 K (right inset). 
The signal of the triplet-state was found to increase and the hyperfine coupling was 
blurred at 225 K, due to the lower molecular rotation and fluxionality. The EPR spectra at 
110 K gave a broad intensive signal (giso = 1.962, A = 82 Gauss). When compared to 
[V3(µ-OEt)4(OEt)8], the EPR spectra of [V4(µ-OMe)6(OMe)10] did not show hyperfine 
pattern at room temperature (giso = 1.963, A = 97 Gauss), possibly due to the existence of 
several chemically distinct species in solution (Figures 2 inset and S1 in the Supporting 
Information).  
 
51V NMR spectroscopic measurements of [V(OR)4]n (R = 
tBu, n = 1 (1), R = Et, n = 2 (2), 
R = Me, n = 4 (3)) in toluene-d8 at room temperature confirmed the presence of different 
vanadium species in solution (Figure 3). All vanadium (IV) alkoxides gave a singlet signal at 
Scheme 2: Possible solution equilibria of [V3(µ-OEt)4(OEt)8]. 
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-676 ppm for a monomeric vanadium (IV) species while down field shifted signals indicated 
the presence of oligomeric vanadium (IV) species. 
 
Figure 3: 51V NMR spectra recorded in toluene-d8 at room temperature of [V(OR)4]n 
(R = tBu, n = 1 (1), R = Et, n = 2 (2), R = Me, n = 4 (3)). 
Synthesis and characterization of VO2 and V2O3 thin films 
Phase selective deposition of vanadium dioxide thin films on silicon and aluminum oxide 
substrates were achieved by vapor phase decomposition of [V(OtBu)4] (1) in the temperature 
range at 500 to 800 °C. XRD analysis showed that pure monoclinic vanadium dioxide (M1) 
phase (PDF: 43-1051) was obtained at 700 and 800 °C, whereas mixed vanadium oxide 
phases were present at lower temperature (Figure 4). The diffractograms of the monoclinic 
VO2 (M1) films exhibit varying intensity distributions for the (011) and (220) peaks whereas 
the (200) reflection is absent in all XRD pattern, which could be explained by preferred 
crystallite orientation on the silicon substrate. The XRD pattern of the films deposited at 500 
and 600 °C could be assigned to different VO2 phases and include some minor peaks which 
could not be assigned to any vanadium oxide phase. 
The X-ray photoelectron spectroscopy (XPS) analysis showed that carbon contamination 
was higher in films deposited at lower temperature (Figure 4), probably due to incomplete 
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decomposition of precursor molecule and slow desorption of precursor fragments from the 
substrate. A short Ar+-sputtering step (30 sec.) decreased the carbon content on the surface 
from 13.5 to 7.4 at% of VO2 film grown at 750 °C, which displayed the origin of carbon from 
adsorbed organic molecules (Figure S5 in the Supporting Information).  
 
 
Scanning electron micrographs of the vanadium oxide films showed a significant 
temperature-dependent change in the surface morphology and microstructure (Figure 5). The 
films grown at 500 and 600 °C exhibited an island-like morphology with a columnar 
microstructure, possibly due to the low surface mobility of ad-atoms. Upon increasing the 
deposition temperature a denser and homogenous coating with facetted crystallites was 
obtained. At 700 °C, crystallites with one-dimensional structure were formed. The 
one-dimensional microstructure was confirmed by XRD data, which displayed a higher 
intensity of the (022) plane compared to film deposited at 750 and 800 °C. The film deposited 
at 800 °C consisted of sharp cuboidal crystallites with smaller grains (d ≈ 300 nm) on the 
surface. It is noteworthy that anisotropic structures observed at 500 and 600 °C are 
transformed into dense microcrystals at 800 °C, possible due to sintering of one-dimensional 
grains.  
Figure 4: XRD patterns of the VO2 films deposited in the temperature range at 500 to 800 °C 
(a). XPS spectra of vanadium oxides (b). 
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Figure 5: SEM micrographs illustrating the different surface morphology of vanadium dioxide 
films deposited on silicon for 30 min at 800 °C (a), 700 °C (b), 600 °C (c) and 500 °C (d). 
Insets (a) and (b) show the proposed charge mobility in the systems above. 
 
Differential thermal analysis (DTA) measurements of the samples deposited at 700 °C and 
800 °C for 30 min showed a reversible phase transition, from a semiconducting monoclinic 
phase to a metallic tetragonal phase (Figure 6). The transition temperatures (taken from the 
onset of the exothermic and endothermic peak) in both films (63 and 65 °C) was lower than 
that of bulk VO2 (68 °C) and do not show typical hysteresis behavior. Moreover, the 
reversible phase transition was found to depend on the microstructure, since the film with 
one-dimensional crystallites showed a lower transition temperature (63 °C) and sheet 
resistance at room temperature (944.24 Ω/sq) than the film with cuboidal crystallites (65 °C, 
2300.69 Ω/sq), probably due to enhanced directionality of charge carriers in vertically grown 
VO2 grains (inset Figure 5 (a), (b)). It has to be noted that DTA measurements are not 
sensitive enough to determine the phase transition of thin VO2 layers.  
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Figure 6: DTA measurement of vanadium dioxide films deposited on silicon for 30 min at 
800 °C (a) and 700 °C (b). 
For thermochromic window applications thin VO2 films on glass with high transmittance 
are required. As an illustrative example, [V(OtBu)4] (1) was deposited on glass at 700 °C for 
1 min. The obtained thin VO2 film (120 nm) showed a homogenous coating consisting of 
cuboidal crystallites (Figure S6 in the Supporting Information). Variable-temperature 
transmission UV/vis spectroscopy displayed a reversible phase transition around ca. 68 °C, 
consistent with undoped VO2 thin film (Figure 7).
[20,27] Large hysteresis (11 °C) and low solar 
transmission (Tsol: 1.46%) were obtained. The differences to the TG results could be 
explained by a substrate mediated strain-effects for the silicon substrates, which is known to 
reduce the transition temperature as well as reducing the hysteresis,  probably due to surface 
oxidation of the VO2 layer.
[45,46] 
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Figure 7: Transmission UV/vis spectra of vanadium dioxide films deposited on glass at 
700 °C for 1 min (a) and temperature dependence of transmittance at 2500 nm (b).  
The use of [V3(µ-OEt)4(OEt)8] (2) and [V4(µ-OMe)6(OMe)10] (3) in CVD on silicon and 
aluminum oxide resulted in V2O3 in both cases (Figure 8). The reduction of the 
vanadium (IV) in the precursor to vanadium (III) oxide could be achieved by the release of 
alcohol, ethanol and methanol, that react as reductant during decomposition. High resolution 
XPS spectra of V2O3 showed, upon fitting with sum of Gaussian-Lorentz functions, presence 
of V (III) (514.42 eV) and V (IV) (516.72 eV) centers in 4:1 ratio that were verified by 
reported data (Figure 8).[47,48] 
 
 
 
Figure 8: XRD pattern of vanadium sesquioxide V2O3 film deposited on silicon at 500 °C for 
30 min using [V3(µ-OEt)4(OEt)8] and [V4(µ-OMe)6(OMe)10] as precursors (left). High 
resolution XPS spectra of V2O3 film synthesized from [V3(µ-OEt)4(OEt)8] (right). 
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The spectra displayed the typically two-peak structure (2 p3/2 and 2 p1/2) due to the spin–
orbit splitting. The binding energies decreased with lower oxidation state of the vanadium 
atom. The presence of V (IV) in significant amount is likely due to the surficial oxidation of 
V2O3 films, which is difficult to avoid due to extreme sensitive nature of V (III) centers. The 
presence of VO2 overlayer was also confirmed by HR-TEM studies (Figure 9 d).  
In contrast to VO2 films, the surface of V2O3 thin films deposited with (2) and (3) showed 
a unique morphology and dense structures by self-assembly of nanosheets with a thickness in 
between 50-100 nm (Figure 9). V2O3 thin films exhibited a low sheet resistance at room 
temperature of 46 Ω/sq and 80 Ω/sq, respectively, but slightly higher than epitaxially grown 
films on sapphire produced by oxygen plasma-assisted thermal evaporation (see Figure S7 in 
the Supporting Information).[49] 
 
 
Figure 9: SEM micrographs of V2O3 thin films deposited on silicon with [V4(µ-
OMe)6(OMe)10] (a) and [V3(µ-OEt)4(OEt)8] (b). Cross-section (c). HR-TEM micrograph taken 
from part of the vanadium oxide sheet. Magnified detail of the red square region and its 
corresponding power spectrum are shown on the right side (d). 
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Intriguingly, the aerobic oxidation of V2O3 films upon annealing in air resulted in the 
formation of biphasic mixture of V2O5 an V3O7 phases, which was confirmed by X-ray 
diffraction data (Figure 10). It is evident that the room-temperature oxidations of V2O3 films 
produced metastable VO2 paramontroseite phase (Figure 9 d), whereas the accelerated 
oxidation at high temperatures (>500 °C) and resulted in the kinetically (V3O7) and 
thermodynamically favored (V2O5) phases. The room-temperature oxidations could be 
resulted by a hydrolysis to montroseite VO(OH) and subsequent oxidation in air 
(Figure 10).[50, 51] 
Figure 10: Reaction pathway of room-temperature and high temperature oxidation V2O3 
films (a), XRD pattern of annealed V2O3 film (b) SEM micrograph of V2O3 and V3O7/V2O5 
films (c).  
3. CONCLUSION 
Vanadium (IV) alkoxides are suitable precursors for phase-selective synthesis of VO2 and 
V2O3 nanostructures due to their high volatility and low decomposition temperatures without 
using reactive gas. We demonstrated a strong dependence of substrate temperature on film 
morphologies to control the phase transitions by properly tuning the microstructures. The 
lowering of MST temperature (63 °C instead of 68 °C) in films grown at lower temperatures 
illustrates the effect of microstructure and grain anisotropy on the functional properties.  
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The strong influence of precursor on film properties were presented by using (2) and (3), 
which revealed an in-situ reduction by the released alcohol and resulted in an electric 
conductive V2O3 films with  unique flower-like nanostructures.  
 
4. EXPERIMENTAL 
Precursor Synthesis 
All manipulations of air and moisture sensitive materials were carried out under nitrogen 
using Stock-type all glass assemblies. X-band EPR spectra were recorded with a Bruker 
System ELEXSYS 500E instrument equipped with a Bruker ER 4131VT variable-
temperature unit. Spectral simulation was performed by using Bruker SimFonia V1.26 
software. NMR spectra were recorded on a Bruker Avance II spectrometer operating at 
300 MHz, chemical shifts are quoted in part per million (ppm) relative to VOCl3. Mass 
spectra were recorded on a Finnigan MAT 95 (EI, 20 eV) in m/z (intensity in %). UV/Vis 
absorption spectra were recorded with a Varian Cary50 Scan spectrophotometer. Data 
collection for X-ray structure elucidation was performed on a STOE IPDS I/II diffractometer 
using graphite-monochromated Mo Kα radiation (0.71071 Å). The programs used in this 
work are STOE’s X-Area[52] and the WINGX suite of programs[53], including SIR-
92[54], SHELX & SHELXTL[55] and PLATON[56] for structure solution and refinement. 
H-atoms were calculated geometrically and a riding model was applied during the refinement 
process.  
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[V(OtBu)4] (1) was prepared following a procedure described by Haaland et al.[44] Yield: 
63% (9.8 g). 51V NMR (79.0 MHz, 298 K, Tol-d8) δ: -676 (s). UV-Vis (n-heptane): 
λmax= 722 nm (ε= 497 l mol-1 cm-1), EI-MS (20 eV, 70° C): m/z (intensity) 343 (2%) [M]+, 
328 (10%) [M-CH3]
+, 271 (40%) [M-OtBu]+, 159 (100%). 
[V3(µ-OEt)4(OEt)8] (2). To a stirred blue solution of 1.0 g [V(OtBu)4] (1) (2,9 mmol) in 
5 mL toluene, 5 mL EtOH (86 mmol) was slowly added. This solution was stirred at ambient 
temperatures for 30 minutes and the colour changed from blue to green and finally to brown. 
The reaction mixture was evaporated to dryness and the crude product was purified by 
vacuum distillation (80 °C, 10-2 mbar). Yield: 1.6 g (1.94 mmol, 67%), 51V NMR (79.0 MHz, 
298 K, Tol-d8) δ: -676 (s), -646 (s), -622 (bs). UV-Vis (n-heptane): λmax= 719 nm 
(ε = 55 l mol-1 cm-1), EI-MS (20 eV, 70° C): m/z (intensity) 215 (50%) [M]+, 187 (100%) 
[M-OEt]+. 
[V4(µ-OMe)6(OMe)10] (3). The synthetic procedure was similar to that described for 2, 
starting from 1.0 g (2.9 mmol) of (1). The crude product was purified by vacuum sublimation 
(90 °C, 10-2 mbar). Yield: 1.4 g (1.97 mmol, 68%), 51V NMR (79.0 MHz, 298 K, Tol-d8) 
δ: -676 (s), -636 (s), -605 (bs), -676 (s), -646 (s), -622 (bs). UV-Vis (n-heptane): 
λmax= 718 nm (sh) (ε= 9 l mol-1 cm-1), EI-MS (20 eV, 90° C): m/z (intensity) 175 (4%) [M]+, 
145 (100%) [M-OMe]+,130 (74%) [M-OC2H6]
+,113 (47%) [M-OC3H9]
+. 
CVD Experiments 
Thermal CVD. Experiments were performed in a horizontal hot-wall CVD reactor in 
which a high-frequency field was used to inductively heat the substrates by placing them on a 
graphite susceptor. The molecular precursors were introduced to the reactor through a glass 
flange by applying a dynamic vacuum (5*10-3 mbar) and heating the precursor reservoir to 
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the desired temperature. The precursor temperature was set to 35 °C for 1 and 60 °C for 2 and 
3, respectively. 
Material Characterization. Room-temperature powder X-ray diffraction (XRD) was 
obtained on a STOE-STADI MP diffractometer operating in the reflection mode using Cu 
Kα (λ = 1.5406 Å) radiation. The microstructures of the samples were examined using 
field-emission scanning electron microscopy (FE-SEM, FEI Nova NanoSEM 430). X-ray 
photoemission spectroscopy (XPS) was performed on ESCA M-Probe (Al Kα) with an 
energy resolution of 0.8 eV). DTA measurements were performed on a TGA/DSC1 
(METTLER-TOLEDO-GmbH, Germany) apparatus. I-V curves were measured with a 4-
point probe setup. A Keithley 2400 SMU was used to record the I-V data. Data points 
were measured from −0.2 V to 0.8 V with a step size of 0.01 V. The UV-vis 
spectroscopy was performed in a water cooled peltier element cuvette holder. The 
temperature was kept constant at either 25 °C (blue line) or 85 °C (red line) while the 
steady state transmission spectrum was measured from 250 to 2500 nm with 5 nm 
intervals and slits. For the temperature scans the transmission was probed at 2500 nm with 
5 nm slits while the temperature was ramped from 25 °C to 85 °C at 10 °C/min (red line). 
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